The formic acid dimer in its C 2h -symmetrical cyclic form is stabilized by two equivalent H-bonds. The currently accepted interaction energy is 18.75 kcal/mol whereas the experimental binding energy D 0 value is only 14. 
47
are generally accepted by the quantum chemistry community.
48
This is based on two cornerstones of computational chem- 51 leads to reasonable estimates of CCSD(T)/CBS interaction 52 energies when calculating the CBS limit of the correlation 53 energy with a low level method such as MP2.
54
Although the S22 interaction energies were originally 55 thought to be reliable reference energies for the testing of 56 new approximate quantum chemical methods, the fact that 57 S22 coupled cluster energies of increasing accuracy have 58 been published, [14] [15] [16] [17] can lead experimental and computational 59 chemists to the assumption that any effect not considered in 60 the calculation of the S22 interaction energies is of minor 61 importance and that S22 energies can be directly taken as 62 complex binding energies.
63
A key complex for the H-bonded examples of the S22 set 64 is the formic acid dimer (FAD) in its cyclic, C 2h -symmetrical 65 form, which is held together by two equivalent H-bonds (see 66 Figure 1 ). When dissociating FAD, two formic acid molecules 67 each in its trans form (t-FA) are obtained.
18 FAD is signifi-68 cantly more stable than any of the other single or double H-69 bonded formic acid dimer. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] This has been confirmed by 70 extended quantum chemical investigations. 13, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] There have 71 been reliable spectroscopic investigations of FAD in the gas 72 phase, which have led to the determination of all its vibra-73 tional frequencies and an increasing amount of spectroscopic 74 data at low temperatures.
28, 44-46

75
The accepted interaction energy of FAD is 18.75 kcal/ 76 mol.
14-17 In a recent publication, Suhm and co-workers 29 pre-77 sented FTIR spectra of the hydrogen bond fundamentals of 78 FAD, which were recorded in a supersonic slit jet expansion. 79 Based on these data, the authors presented for the first time an 80 accurate binding energy D 0 at 0 K of 14.22 kcal/mol for FAD. 81 This value differs by 4.5 kcal/mol from the best value of the 82 interaction energy published so far (18.75 kcal/mol 16, 17 
III. RESULTS AND DISCUSSION
146
Results of this investigation are summarized in Table I 147 (geometries), Table II (vibrational frequencies), and Table III 148 (binding energies).
149
A. Use of the correct equilibrium geometry 150 The CCSD(T) geometries of both FAD and t-FA vary
Q2
151
significantly for bond lengths when increasing the basis set 152 size from aD to aT whereas the differences between aT and 153 aQ are small. Changes in the bond angles are generally much 154 smaller. The well-known shortening of the bond lengths with 155 increasing basis set size can be observed, which is sometimes 156 accompanied with a slight widening of the angles between 157 adjoint bonds. One might argue that by augmenting a VDZ 158 by a full set of diffuse functions (i.e., for both H and heavy 159 atoms), the VDZ basis nearly adopts triple zeta quality and 160 therefore the change in the geometries from aD to aT and aQ 161 is moderate and regular. However, this is not the case because 162 the diffuse functions do not improve the valence and bond-163 ing region significantly. Accordingly, CBS geometries deter-164 mined by a 2-point extrapolation based on just aug-cc-pVDZ 165 and aug-cc-pVTZ basis sets, i.e., a CBS(2,aD,aT) geometry 166 is unreliable and differs significantly from the 3-point extrap-167 olated CBS geometry including also the aug-cc-pVQZ result, 168 i.e., CBS(3,aD,aT,aQ). The latter geometry is far more reli-169 able and verified by the CBS(2,aT,aQ) geometry, which be-170 comes obvious when comparing the H-bond length and the 2 171 non-bonded distances O2 · · · O9 and O2 · · · O4 also given in 172 Table I .
173
At all levels of theory, there is a relatively large change 174 in the geometry of the monomer upon dimerization. The C-O 175 bond lengths decrease from 1.340 to 1.307 Å, which is accom-176 panied by an increase of the C=O and OH bond lengths from 177 1.197 to 1.215 Å and 0.965 to 0.994 Å, respectively. These 178 bond length changes lead to a widening of the angles H3-C1-179 O2 (from 107.0
• to 109.9
• ) and O2-C1=O4 (from 124.8
• to 180 126.1
• , see Table I ) and a corresponding change in the exter-181 nal angles (H5-C1-O2: 110.2 to 112.1; H5-C1=O4: 125.0
• 182 to 121.9
• ), where in all cases the CBS(2,aT,aQ) results are 183 compared. Hence, H-bonding has not only a lengthening ef-184 fect on the OH donor bond, but also a shortening (length-185 ening) effect on the C-O (C=O) bond, which are related to 186 TABLE I. Calculated and experimental bond lengths (in Å) and angles (in degree) are given for the formic acid dimer (FAD) 62 and trans formic acid (t-FA). [63] [64] [65] The calculated data are given at the CCSD(T) 10 level of theory using the Dunning basis sets aug-cc-pVXZ where X = D, T, Q (aD, aT, aQ). 47 
210
Test calculations show that, by using experimental geome- being derived by assuming specific parameters cannot be 218 recommended.
219
B. Use of the correct zero-point energy
220
In Table II , CCSD(T) harmonic frequencies calcu-221 lated with the aD and aT basis sets, the corresponding 222 CBS(2,aD,aT) limit values, B3LYP/aT harmonic frequencies 223 and their anharmonicity corrections, estimated anharmoni-224 cally corrected CCSD(T) frequencies, and the corresponding 225 experimental frequencies for both FAD 29 and t-FA 59 are com-226 pared. Since for the calculation of the D 0 binding energy the 227 change in ZPE has to be known accurately, ZPE and ZPE 228 values (corrections) are also given in Table II for each set 229 of frequencies. The dependence of the CCSD(T) ZPE on 230 the basis set is moderate despite of the strong dependence of 231 the CCSD(T) normal mode frequencies ω µ on the basis set. 232 Hence, the CBS value of −2.13 kcal/mol for ZPE can be 233 predicted based on the harmonic approximation.
234
The anharmonically corrected B3LYP/aT frequencies 235 lead to a ZPE correction of −1.23 kcal/mol. This value 236 is in line with the corresponding ZPE correction based 237 on measured vibrational frequencies (−1.20 kcal/mol; see 238  Table II) . If the density functional theory (DFT) anharmonic- II. CCSD(T) and B3LYP harmonic vibrational frequencies ω µ are given for the formic acid dimer (FAD) and trans formic acid (t-FA). CBS values of ω µ were calculated using a 2-point extrapolation of the CCSD(T)/aug-cc-pVDZ (aD) and CCSD(T)/aug-cc-pVTZ (aT) frequencies. The anharmonic corrections (anh. cor.) were calculated using VPT2 58 at the B3LYP/aug-cc-pVTZ (aT) level of theory yielding a ZPE of − Within the VPT2 description of the ZPE, the following 247 formula is used:
where ω denotes the harmonic vibrations, χ the anharmonic 
and
where the fundamental frequencies ν i are defined by 
270
This will have to be considered when using ZPE to deter- and results from the fact that for highly correlated methods 300 calculated with incomplete basis sets two effects are encoun-301 tered: (i) The BSSE implies an unbalanced description of the 302 monomers relative to that of the dimer, which benefits from 303 the mutual complementation of the monomer basis sets. This 304 error decreases with increasing basis set so that its correction 305 becomes superfluous in the CBS limit provided the CBS ex-306 trapolation has been carried out with a sufficiently large basis 307 set. (ii) There is an intramolecular BSSE correction, which 308 results from an artificial improvement of electron correlation 309 effects. This contribution leads to an unbalanced description 310 of electron correlation and significantly increases the inter-311 molecular BSSE. It slightly increases with the size of the basis 312 set and significantly changes the convergence behavior of the 313 electron correlation method in dependence of the basis set.
314
In view of the undesirable intramonomer effects, the 315 BSSE corrections obtained at the CCSD(T) level of theory 316 are questionable. Therefore, we have refrained from includ-317 ing any BSSE corrections for CCSD(T) results at all thus 318 following the recommendations given in the literature. 72 By 319 utilizing the aQ and aP energies for the extrapolation any 320 residual BSSE should be small whereas use of the calculated 321 aD and aT BSSE corrections would lead most likely to a steep 322 convergence causing an underestimation of the D e value.
323
E. Explicit correlation at the coupled cluster level
324
Explicitly correlated wave functions can obtain high 325 accuracy with basis sets of moderate size. For example, 326 Marchetti and Werner 73 showed that high accuracy bind-327 ing energies can be obtained for noncovalently bonded com-328 plexes with an aug-cc-pVDZ basis set. In this work, we use 329 the CCSD(T)-F12a and CCSD(T)-F12b approximations of 330 Werner and co-workers. 55, 57 Contrary to the CCSD(T) bind-331 ing energies, the CCSD(T)-F12 results show (i) a steady 332 convergence with increasing number of basis functions and 333 (ii) a strongly reduced dependence on the size of the ba-334 sis set. At the CCSD(T)/aug-cc-pVDZ level of theory, inclu-335 sion of the explicit correlation leads to a similar improvement 336 for monomer and dimer energies so that the binding energy 337
the D e of FAD. 
400
The interaction energy of FAD was repeatedly calculated 401 to be in the 18-19 kcal/mol range and by this more than 3 402 kcal/mol larger than the D e value obtained in this work.
14, 15 403 Our investigation reveals that several reasons are responsible 404 for this relatively large discrepancy:
405
(i) The assumption made in previous S22 investigations is 406 that the geometry relaxation effect upon dissociation is 407 small. This is definitely correct for dispersion stabilized 408 complexes. In the case of H-bonded or even double H-409 bonded complexes such as FAD, this is no longer correct. 410 The internal coordinates listed in Table I 
424
(ii) Early investigations by Jurečka and Hobza 77 suggested 425 that the energy difference between the MP2 and the 426 CCSD(T) binding energies D e of FAD are largely 427 independent of the basis set used (MP2/cc-pVTZ: 17.24; 428 CCSD(T)/cc-pVTZ: 17.28 kcal/mol). In this connection, 429 one has to consider that improvements in the basis set 430 can change the energy in two different ways: (i) directly 431 by an improved description of the electronic structure 432 of the target molecule; (ii) indirectly, by an improved 433 description of the geometry. If the latter effect is ex-434 cluded by using frozen monomer geometries, the basis 435 set dependence of the MP2-CCSD(T) energy difference 436 might be indeed small. This was the observation made 437 in most FAD investigations 9, 14, 15, 67, 68 and was recently 438 confirmed in an investigation, which also considered 439 the interplay between BSSE and MP2-CCSD(T) energy 440 difference. 78 In this study, the largest change in the 441 interaction energies in dependence of the basis set was 442 found to be 0.3 kcal/mol.
443
In Table IV, IV. Dependence of the binding energies D e (in kcal/mol) on the freezing of the monomer geometry, the CCSD(T)-MP2 difference, and the basis set used. Monomer stabilization denotes the energy change in D e upon relaxing a rigid monomer geometry during dissociation. 
CCSD(T) CCSD(T) CCSD(T) CCSD(T)/aP
502
In view of the results obtained in this work, we consider it 503 important to calculate the binding energies of the S22 set with 504 reliable methods and relaxed monomer geometries. In view of 505 the sophisticated methods and computational resources avail-506 able today, the rigid monomer model is outdated. It would be 507 much more rewarding if the interaction energies discussed for 508 the S22 and other sets could be used by experimentalists for 509 comparison with measured data as discussed in this work for 510 the case of FAD.
511
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